Background-Healthy but sedentary aging leads to cardiovascular stiffening, whereas life-long endurance training preserves left ventricular (LV) compliance. However, it is unknown whether exercise training started later in life can reverse the effects of sedentary behavior on the heart. Methods and Results-Twelve sedentary seniors and 12 Masters athletes were thoroughly screened for comorbidities.
C ardiovascular stiffening develops during the aging process. 1, 2 For example, previous studies from this laboratory have shown that healthy but sedentary aging leads to left ventricular (LV) atrophy and prominent increases in LV stiffness. 3 These age-related changes may provide the substrate for heart failure with a preserved ejection fraction (HFpEF), a disease of the elderly characterized by increased LV stiffness. 4, 5 Indeed, recent work has raised the possibility that especially in women, this stiffening in patients with HFpEF may not be much worse than that observed with sedentary aging. 6, 7 
Clinical Perspective on p 1805
In contrast to cardiovascular deconditioning induced by sedentary behavior, 8 young endurance-trained athletes have markedly enhanced LV compliance. 9 Moreover, Masters athletes who have trained virtually their whole adult lives have LV compliance that is indistinguishable from healthy young controls. 3 This prevention of cardiovascular stiffening in vigorously active seniors emphasizes the critical role physical activity plays in the aging cardiovascular system. However, whether stiffening of the heart in sedentary seniors can be reversed by endurance exercise training started later in life is unknown. This knowledge would be essential to develop lifestyle strategies that might forestall age-related cardiovascular diseases such as HFpEF. The purpose of the present study was therefore to perform a comprehensive and detailed measurement of hemodynamics and LV structure and function in healthy sedentary seniors before and after 1 year of endurance exercise training. We hypothesized that 1 year of progressive and vigorous training would improve functional capacity, increase LV mass, and restore cardiac compliance to the levels observed in Masters athletes and young individuals.
Methods

Subject Population
Twelve healthy adults older than 65 years of age (6 men, 6 women; mean age 69.8Ϯ3 years) and 12 age-matched Masters athletes (6 men, 6 women; mean age 67.8Ϯ3 years) were enrolled in the present study. Sedentary subjects were excluded if they were exercising for Ն30 minutes 3 times a week. All subjects were rigorously screened for comorbidities, including obesity, lung disease, hypertension, coronary artery disease, or structural heart disease at baseline and after exercise testing as previously reported. 3 Body fat content and lean body mass were measured by underwater weighing. 10 Baseline data from this patient population have been published, 3, 11, 12 and this study now reports the effects of 1 year of vigorous endurance exercise training on cardiac remodeling and mechanics in the sedentary subjects. All subjects signed an informed consent form, which was approved by the institutional review boards of the University of Texas Southwestern Medical Center at Dallas and Texas Health Presbyterian Hospital Dallas.
Exercise Testing
A modified Astrand-Saltin incremental treadmill protocol was used to determine peak exercise capacity. 13 Measures of ventilatory gas exchange were made by use of the Douglas bag technique. Gas fractions were analyzed by mass spectrometry (Marquette MGA 1100), and ventilatory volumes were measured with a Tissot spirometer. V O 2 max was defined as the highest oxygen uptake measured from at least a 40-second Douglas bag. Cardiac output was measured with a modification of the acetylene rebreathing method, with acetylene as the soluble gas and helium as the insoluble gas. 14 Measurement of cardiac output by acetylene rebreathing has been validated at rest and maximal exercise. 14 -17 This method assumes that cardiac output is equal to effective pulmonary blood flow to ventilated lung, which can be assessed by the rate of decay of acetylene concentration during rebreathing. 15 Adequate mixing of the rebreathing gas in the lung was confirmed by a constant level of helium in all cases. Arterial-venous oxygen difference (a-vDo 2 ) was calculated by the Fick equation. The ventilatory threshold was determined by commercial software (First Breath, Marquette). The heart rate at the work rate that elicited the ventilatory threshold was defined as the heart rate at maximal steady state (MSS), which was generally equivalent to Ϸ85% to 90% of the maximal heart rate.
Exercise Training
The sedentary subjects participated in a 1-year training program with the goal of increasing duration and intensity as previously reported; a detailed day-by-day training plan has been published online (http://jap.physiology.org/cgi/content/full/99/3/1041). 18 Initially, the sedentary subjects walked or jogged 3 times per week for 25 minutes/session, at the "base pace" in which target heart rates were equivalent to Ϸ75% to 85% of the maximal heart rates at just below the ventilatory threshold. At the third month, a 30 minutes/session of MSS was added monthly, and the frequency of MSS was increased to twice per month from the fifth month. At the seventh month, 30 seconds/session of "intervals," with target heart rates within 5 to 10 bpm of the maximal heart rate, were added, and the duration of each interval session was gradually prolonged. A 45 minutes/session of "long slow distance" was then added at the eighth month, and the duration was prolonged to 60 minutes/session by the end of the training program.
Cardiac Catheterization and Experimental Protocol
Right heart catheterizations were performed at baseline and were repeated only in sedentary subjects after training. A 6-Fr Swan-Ganz catheter was placed from a peripheral antecubital vein under fluoroscopic guidance to measure pulmonary capillary wedge pressure (PCWP) and right atrial pressure. Correct position of the Swan-Ganz catheter was confirmed by fluoroscopy and by the presence of characteristic pressure waveforms. After the baseline measurements, lower-body negative pressure (LBNP) was used to decrease cardiac filling. 3, 9 Measurements, including heart rate, PCWP, blood pressure, LV end-diastolic volume (LVEDV), and cardiac output by acetylene rebreathing (and therefore stroke volume), were performed after 5 minutes each of -15 and -30 mm Hg LBNP. The LBNP was then released. After repeat measurements confirmed a return to a steady state, cardiac filling was increased by rapid infusion (100 to 200 mL/min) of warm isotonic saline. Measurements were repeated after 10 to 15 and 20 to 30 mL/kg of saline infusion. Total arterial compliance was determined by the ratio of stroke volume and pulse pressure to evaluate central aortic function. 19 Effective arterial elastance was defined as end-systolic pressure divided by stroke volume, 20 where end-systolic pressure was calculated as brachial systolic pressure ϫ0.9. 21
Assessment of Cardiac Catheterization Data
Hemodynamic data were used to construct Starling (stroke volume index/PCWP) and pressure-volume (LVEDV index/PCWP) curves. To characterize LV pressure-volume curves, we modeled the data according to an exponential equation 22 : PϭPϰ(exp a(V-V0) -1), where P is PCWP, Pϰ is pressure asymptote of the curve, V is LVEDV index, and V0 is equilibrium volume or the volume at which Pϭ0 mm Hg pressure. Overall LV chamber stiffness (or its inverse, compliance) was assessed from the LV stiffness constant "a." Because external constraints influence LV volumes and pressures, 23 LV end-diastolic transmural filling pressure was calculated as PCWP-right atrial pressure and used to construct transmural pressure-volume curves. 24 Preload recruitable stroke work was assessed by relating LVEDV to stroke work, which was calculated by the product of stroke volume and mean arterial pressure. LV contractility was assessed by the slopes of the stroke work-LVEDV relationship. 25 
Echocardiography
At all levels of LV filling, LV images were obtained and LVEDV was determined from the apical 4-chamber view by modified Simpson's method of disks that was used in our previous studies. 3, 6 Great attention was paid to ensure that the images were not foreshortened.
LV early (E) and late (A) filling peak velocities were recorded, and the ratio of E to A (E/A ratio) was used to assess global LV diastolic function. 11 The peak early diastolic mitral annular velocity was measured in both septal and lateral sides of the mitral annulus, 26 and values were averaged to obtain tissue Doppler imaging (TDI) E mean. 11 Color M-mode Doppler was obtained, and the mitral inflow propagation velocity (Vp) was measured by the slope along the aliasing isovelocity line. 12 Isovolumic relaxation time (IVRT) was also determined.
Cardiac Magnetic Resonance Imaging Image Acquisition
Cardiac magnetic resonance imaging images were obtained using a 1.5-tesla Philips NT scanner mainly to observe the effects of exercise on cardiac morphology: LV mass, volume, and LV mass-volume ratio. 27 LVEDV and mass were measured as previously reported 28 using a steady-state free-precision imaging sequence. 29 All analysis was performed by 1 physician who was blinded to the protocol and results.
Assessment of Overall Cardiovascular Function
The primary outcome variables in the present study included (1) LV stiffness assessed from the pressure-volumes curves, which reflects LV static diastolic function; and (2) global LV performance as assessed from Starling curves and preload-recruitable stroke work. Secondary outcomes included (1) functional responses during exercise as assessed by V O 2 max and exercise hemodynamics; (2) LV morphology by cardiac magnetic resonance imaging to document the cardiac adaptation to the exercise training; (3) LV dynamic diastolic function and relaxation by echo Doppler variables (TDI E mean, Vp, and IVRT); and (4) arterial function as assessed by total aortic compliance and arterial elastance.
Statistical Analysis
Statistical analyses were performed using commercially available software. Continuous data were expressed as meanϮSD except for graphics, in which SEM was used. Data in Masters athletes and sedentary seniors before training were compared by using an unpaired t test or nonparametric Man-Whitney rank sum test, depending on the outcome of tests for normality. For data obtained during cardiac catheterization, 2-way repeated ANOVA with post hoc testing was applied to evaluate the differences between the groups. To evaluate the effects of training, paired t test and 2-way repeated measures ANOVA with post hoc testing were used. For pressure-volume curves, a multivariate regression analysis was conducted on the repeated measures data, modeling pressure by use of the covariates volume and subject group. A P value Ͻ0.05 was considered significant.
Results
Subject Characteristics
Ten of 12 previously sedentary seniors completed a year of training; 2 women felt that the training was too burdensome and dropped out. One of these 10 developed a left bundle branch block during training, and therefore was excluded from the study. Hemodynamic data were analyzed in the remaining 9 sedentary seniors (6 men, 3 women; mean age 70.6Ϯ3 years) before and after training and were compared with those of 12 Masters athletes. Table 1 shows subject characteristics before and after training. Body weight and heart rate were significantly decreased after a year of exercise training, whereas no differences were observed in systolic and diastolic blood pressures. By the end of the 1 year of training, the exercise duration was about 200 minutes/wk. 18 
Effects of Exercise Training on Exercise Capacity
Before training, sedentary seniors had smaller cardiac and stroke volume indices and larger arterial elastance than Masters athletes at peak exercise ( Table 2 ). The magnitude of the increase in stroke volume index at peak exercise was 66% (34.4Ϯ5.6 to 56.1Ϯ10.3 mL/m 2 ) in sedentary seniors, significantly less than that observed in Masters athletes (104%; 39.8Ϯ7.0 to 79.7Ϯ16.1 mL/m 2 ; Pϭ0.045). A year of exercise training significantly increased V O 2 max by 19% (22.8Ϯ3.4 to 27.2Ϯ4.3 mL/kg/mL; PϽ0.001). Although baseline cardiac output and stroke volume were unaffected by exercise training, there were significant increases in cardiac output by 11% and stroke volume by 13% at peak exercise.
Cardiac Size and Vascular Function
As shown in Table 3 , sedentary seniors had smaller LVEDV and stroke volume indexes and LV mass than Masters athletes before training. 3 After training, a 22% increase in stroke volume and a decrease in heart rate by 9% were observed in the supine position, with no changes in cardiac output. LV mass index increased 10% (64.5Ϯ7.9 to 71.2Ϯ12.3 g/m 2 ; Pϭ0.037), with no change in LV massvolume ratio. These morphological adaptations were consistent with predominantly eccentric LV remodeling. Arterial function was significantly improved by exercise training, with an increased total aortic compliance by 24% (Pϭ0.026) and a decreased arterial elastance (1.7Ϯ0.5 versus 1.3Ϯ0.4 mm Hg/mL; PϽ0.001).
Catheterization Data
As reported previously, the Starling curve in sedentary seniors before training showed a smaller stroke volume for any given PCWP than those in Masters athletes, with no difference in cardiac contractility ( Figure 1A and B). 3 Before training, the baseline PCWP was 11.4Ϯ1.7 mm Hg, whereas after training it was 12.5Ϯ2.8 mm Hg (Pϭ0.304). Although there was some variability in the response, PCWP after training seemed to be slightly higher than before training by Ϸ1 mm Hg across all loading conditions (Pϭ0.209), consistent with a possible plasma volume expansion. After training, Starling curves shifted upward substantially with a larger stroke volume for any given PCWP. Stroke work was increased after training across all loading conditions, mainly due to increased stroke volume (Pϭ0.002); however, the slopes of the individual stroke work-LVEDV relation were unchanged (Pϭ0.817). Heart rates were decreased in all loading conditions by 7 to 11 bpm after training.
LV Pressure-Volume Curves
The LV pressure-volume curves constructed from group mean data in Masters athletes and sedentary seniors are shown in Figure 2A . The pressure-volume curve in the sedentary seniors before training was steeper than that in Masters athletes, as previously reported. 3 In contrast to our 
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hypothesis, no significant changes in pressure-volume curves were observed in sedentary seniors after training ( Figure 2A ). The stiffness constant "a" for the group mean data before and after training was 0.089 and 0.075, and equilibrium volume was 16.0 and 12.1 mL, respectively. LV pressure-volume curves constructed using transmural pressure, which minimizes the effects of external constraints on the LV and is more specific for myocardial (as opposed to chamber) compliance, also demonstrated no significant shift of the pressurevolume curves after training, Figure 2B . When analyzed individually and statistically, LV stiffness constant "a" was unaffected by a year of exercise training (0.062Ϯ0.030 versus 0.058Ϯ0.031, Pϭ0.451; difference, 0.0044; SD, 0.0167; 95% confidence interval, -0.0088 to 
Doppler Measures of Diastolic Function
Doppler data before training have also been reported. 11 Briefly, as shown in Figure 3 , sedentary seniors had smaller E/A ratios than Masters athletes at baseline and during saline infusion. TDI E mean in sedentary seniors were slower than those in Master athletes at baseline and during LBNP, but not during saline infusion (Pϭ0.103). No differences were observed in IVRT or Vp across all loading conditions.
Transmitral Flow Velocities After Training
In sedentary seniors, there was an increase in E/A ratio after training at baseline (0.83Ϯ0.17 versus 0.97Ϯ0.23; Pϭ0.052) and during saline infusion (0.96Ϯ0.18 versus 1.16Ϯ0.18; Pϭ0.009) ( Figure 3A ).
Peak Early Diastolic Mitral Annular Velocity (TDI) After Training
The baseline TDI E mean velocities after training were significantly slower compared with those before training (9 Figure 3B ).
IVRT After Training
Baseline IVRT after training was shorter than that before training (145.5Ϯ17.8 versus 120.3Ϯ15.2 ms; Pϭ0.002). This difference was present across all loading conditions (PϽ0.001) ( Figure 3C ). There was a significant difference in the overall relationship between PCWP and Vp before and after training (Pϭ0.007) ( Figure 3D ).
Mitral Inflow Vp After Training
Discussion
In the present study, we demonstrated that 1 year of progressive and vigorous exercise training failed to reverse cardiac stiffening in previously sedentary seniors. However, this "dose" of exercise training extending over 1 year, encompassing 200 minutes per week and incorporating both low-and high-intensity training, did clearly induce physiological LV remodeling and improve such predictors for cardiovascular morbidity and mortality as aerobic power and arterial function. 30 ,31
Effects of Aging on LV Diastolic Function
Aging induces structural and functional alterations in the cardiovascular system. For example, cardiac myocytes are reduced in number, with slight increases in the size of residual cells. Moreover, there is an increase in connective tissue volume, partly due to degeneration of matrix proteins, which results in impaired LV diastolic function. 1 Previous findings that the LV of Masters athletes was as compliant as that of the young demonstrated the efficacy of life-long endurance exercise training on LV stiffness. 3 In contrast, life-long endurance exercise training had only minimal effects on Doppler measures of LV dynamic diastolic function in seniors. 11 To our knowledge, there are no reports that investigate the effects of exercise training on LV stiffness in normal sedentary seniors.
Effects of a Year of Endurance Exercise Training on LV Size and Hemodynamics
A year of vigorous endurance training increased V O 2 max by 19% in our previously sedentary seniors. This improvement in aerobic power was mediated primarily through an increase in cardiac output without any change in a-vDo 2 at peak exercise. We also observed an increase in LV mass by 10% with no change in LV mass-volume ratio, suggesting physiological LV remodeling. This increase in LV mass was similar to that in previous studies evaluating the effects of moderate to vigorous endurance training on LV mass (8% to 15%). [32] [33] [34] Aging also increases peripheral resistance and stiffens the aorta. These functional alterations in arteries was normalized in some previous studies by less than 3 months of training, which enhances endothelial function and endotheliumdependent vasodilation. 35, 36 Consistent with these studies, we observed improvements of arterial function: an increase in total arterial compliance and a decrease in arterial elastance. These improvements in arterial function from training may have played an important role in the increased stroke volume by improving ventricular-arterial coupling.
LV Stiffness Was Not Improved by a Year of Exercise Training
Contrary to our hypothesis, neither grouped LV pressurevolume curves nor individual LV stiffness constants showed significant improvements after training. There are several possibilities why a year of training failed to improve LV compliance in sedentary seniors. First, the age at which exercise was started may have been too late. Cardiovascular aging is in part characterized by cross-linked advanced glycation end products in vascular and LV walls along with changes in the number and the volume of cardiac myocytes. 37, 38 Because these proteins are pathologically irreversible once formed, any improvements in LV compliance from increases in protein content could have been constrained by cross-linked collagen. A phase II drug, alagebrium, is a cross-link breaker and has been shown to improve LV and arterial stiffness in animals. 39 This drug has the potential to reverse cardiovascular stiffening in the elderly, and a trial of an adjunct therapy with exercise training is now underway in healthy elderly subjects (NIH clinicaltrials.gov identifier NCT01014572). Caloric restriction has also been reported to decrease LV stiffness in middle-aged men without obesity. 40 How the stiffening of the cardiovascular system can be reversed, thereby preventing age-related diseases such as HFpEF, is a compelling area of ongoing research.
Second, the period of training may be insufficient to reverse the stiffening of the heart. Improvements in LV compliance related to training may require longer periods in seniors than the young. Pericardial remodeling may also take many years or require exercise training while young (ie, during growth) to stretch the pericardium. Results may also differ if exercise training is prescribed at very high intensity. 41 The present results could constitute an important step for future optimal training programs or adjunctive therapies in seniors with and without cardiovascular diseases.
Effects of a Year of Exercise Training on Doppler Measure of LV Diastolic Function
We previously reported that the Doppler variables (E/A, Vp, and IVRT) of Masters athletes were similar to those of sedentary elderly subjects, suggesting that life-long exercise training did not prevent the age-related decline in LV relaxation. 11 The present results of a modest increase in E/A ratio and Vp, with a small decrease in IVRT, which are consistent with an improvement in LV relaxation after a year of training, seem to be discordant with the previous findings. More importantly however, EЈ, which is perhaps a more specific measure of LV relaxation, did not change, similar to the pressure-volume curves and even appeared to decrease slightly after training. We speculate that these results are not actually contradictory and may be due to 2 key factors: (1) the difference in the left atrial size and compliance between populations; and (2) mild increases in plasma volume 42 and thereby left atrial driving pressure with training.
We observed a slightly higher PCWP after exercise training in all loading conditions, although the probability value did not achieve conventional levels of statistical significance. We speculate that the Doppler results after a year of exercise (a shortened IVRT and increases in Vp and E/A ratio) resulted from an increase in left atrial driving pressure, but not from a decrease in LV minimal pressure due to an improvement in LV relaxation. A decreased heart rate and a possible increase in blood volume due to exercise training 42 may have caused this small elevation of left atrial pressure. The fact that the Vp during high-volume saline infusion after training was higher than that in Masters athletes seems to support this speculation because pseudonormalization of Vp (high Vp) is observed when there is a high atrioventricular pressure gradient between the left atrium and the LV. 43 Shortened IVRT in all conditions after training may also reflect the small increase in left atrial pressure as measured from PCWP.
After training, baseline TDI E mean was decreased. LV relaxation can be affected by cardiac contractility and heart rate. 44, 45 Because no changes in LV contractility were observed after training, a slight decrease in heart rate may partly have contributed to the reduction in TDI E mean. Our results suggest that the effects of training on LV diastolic parameters are quite different in Masters athletes with life-long training and sedentary subjects with short-term training.
Effects of a Year of Exercise Training on Exercise Performance
After training, sedentary seniors demonstrated significant improvements in V O 2 max by 19% through an increase in maximal cardiac output by 10% with minimal change in a-vDo 2 . Although neither LV compliance nor relaxation were improved after training at supine rest, cardiac reserve during exercise could be improved partly by a decreased afterload, an improved LV-arterial coupling, and an increased stroke volume at maximal load.
Peripheral alterations with sedentary aging may include loss of skeletal muscle and impaired muscle oxidative capacity. 46, 47 Previous studies reported that exercise training increased peak a-vDo 2 both in sedentary and trained subjects. 48, 49 Contrary to previous studies, no improvement was observed in the a-vDo 2 in the present study. The average age of our subjects was 71 years, which was higher than those in previous studies that showed an increase in a-vDo 2 . These results may suggest that the effects of training on oxygen utilization at the periphery may diminish along with aging. Seals et al 49 also reported that a-vDo 2 was increased after highintensity exercise training, but not after low-intensity training. More intense exercise training may be required to increase peripheral oxygen extraction in subjects like those reported here.
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Study Limitations
There are several limitations. First, the number of sedentary participants was relatively small, primarily because of the comprehensive and invasive nature of the instrumentation and the very long period of controlled training. However, power analysis showed that the sample size in the present study (nϭ9, difference 0.0044; SD, 0.0167; 95% confidence interval, -0.0088 to 0.01684) was sufficient to detect a true difference in the mean change of LV stiffness of -0.018 or 0.018 with a probability of type II error at less than 20% (power 0.8). This minimal detectable difference is more than twice the difference between the mean baseline stiffness constant in these subjects (0.062Ϯ0.030) and the stiffness constant for the Masters athletes (0.024Ϯ0.017), thus giving us adequate power to detect at least 50% of the difference between Masters athletes and sedentary subjects. Therefore, it is possible but unlikely that a physiologically meaningful difference was missed due to a type II error; however, owing to the small number size, these data should be regarded as preliminary. Second, all comparisons between the older sedentary subjects and the Masters athletes are crosssectional, and Masters athletes may have been genetically fitter and more predisposed to pursue athletics throughout their life. Thus differences between these groups may be due to more than training status. There also may be sex differences in the effects of exercise training on LV stiffness that could not be detected given the small number of women who completed the training program. Third, LV pressure-volume curves were evaluated by use of mean PCWP as a surrogate for LV end-diastolic pressure. However, none of our patients had valvular abnormalities or pulmonary disease, which might alter this relationship. Moreover, the development of pressure-volume curves using effective transmural pressure (difference between left atrial [from PCWP] and right atrial pressures) as the independent variable showed exactly the same outcome, increasing confidence in the results. Finally, there was a difference in heart rates before and after training. Although this difference could affect LV relaxation, its influence on LV filling time was small, and LV relaxation was complete before atrial contraction (ie, diastasis was present) in all subjects at all time points. Therefore, this small difference was unlikely to alter LV pressure-volume curves.
Conclusions
The hypothesized improvement in LV compliance with training was not observed in this small but carefully studied sample. Nonetheless, this "dose" of exercise training did induce physiological LV remodeling and imparted favorable effects on arterial function and aerobic exercise capacity, which may have beneficial effects for cardiovascular morbidity and mortality.
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